Previous studies have shown that up to a few per cent porosity filled with saline fluid in the lower crust can explain many of the regions with: (1) low electrical resistivities, (2) velocities that appear to be too low for the otherwise inferred mafic composition, and (3) strong lower crustal reflectivity. Several predictions of the free porosity model are examined in this article. A compilation of approximately coincident magnetotelluric electrical resistivity and refraction seismic velocity data for the lower continental crustjs presented to test the predicted correlation. In spite of the limited geographically coincident data and the difficulties of ensuring accurate depth coincidence and of anisotropy effects, there is a general trend of decreasing velocity with decreasing resistivity. The data are scattered, but most fall between the reasonable bounds provided by pore geometry models with effective aspect ratio (for velocity) and Archie's Law pore tortuosity exponent (for resistivity) pairs of 0.03 : 2.0 and 0.1 : 1.5 respectively. As in previous compilations, shield areas tend to have both higher resistivities and higher velocities in the lower crust compared to Phanerozoic areas, although there is overlap for both parameters. A general correlation is also found between the top of low resistivity layers and the top of lower crustal reflective zones with the 400-450 "C isotherms. Possible explanations of this correlation with temperature include (1) an association with the brittleductile transition, below which pore geometries are such as to hold fluid in the required configuration, and (2) control provided by metamorphic reactions that restrict free fluid to below this depth. To constrain better the pore geometry, a compilation of the limited data on lower crustal Poisson's ratio shows most values -0.28. This is consistent with a mainly mafic composition with up to several per cent porosity. Reasonable pore geometry distributions predict a small decrease or constant Poisson's ratio with increasing porosity. While each of the three lower crustal geophysical data types have other reasonable explanations, the apparent correlations above provide support for the fluid-filled pores in the lower crust. The problems of the low permeability required to keep fluid in the lower crust, and of pore fluid consumption in retrograde metamorphic reactions during cooling are discussed briefly. Two mechanisms are suggested as means of producing a low-permeability cap in the middle to deep crust: one invokes deformation of textural equilibrium pore geometries by small deviatoric stresses, the other lower crustal shear processes. There remains some difficulty in reconciling free aqueous fluids in the lower crust with the expected retrograde metamorphism that should take up water into hydrated mineral assemblages.
INTRODUCTION
Over the past two decades, a large number of geophysical measurements have provided information on the lower crust. Three surprising results have been obtained: (1) many seismic reflection profiles show a reflective lower crust (e.g. Matthews 1986 ; Allmendinger el af. 1987; Warner 1990); (2) seismic refraction profiles have defined lower crustal velocities commonly less than 7.0 km s-', lower than expected for the otherwise inferred dominant mafic composition (e.g. Kay & Kay 1986; Hyndman & Klemperer, 1989) ; and (3) magnetotelluric and controlled-source surveys have revealed that the deep crust generally has low electrical resistivity (e.g. Shankland & Ander 1983; Haak & Hutton 1986 ). Many hypotheses have been presented to explain these properties of the lower crust, but most of them apply to only a single anomalous property. One hypothesis that appears to reconcile both seismic and electrical observations is the presence of aqueous fluids in the lower crust (e.g. Hyndman & Hyndman 1968; Shankland & Ander 1983; Haak & Hutton 1986; Gough 1986 ). The possibility of free water in the lower crust is the subject of debate. In this article we examine a number of relationships predicted by the free porosity model and compare them with the available data.
If the assumption that velocity and resistivity in the lower crust are both functions of porosity is correct, there should be a relation between velocity and resistivity. Previous compilations of these parameters have shown that the average values for Precambrian and Phanerozoic areas are consistent with a porosity model invoking loss of pore fluid with time; both lower crustal resistivity and velocity averages from Phanerozoic areas are less than those for Precambrian areas . The free fluid could be lost upward with time or in thermal or tectonic events, or it could be taken by mineral hydration in retrograde metamorphism associated with cooling (see below). In this article we present compilations of four kinds of lower crustal data and compare the results with those expected for a range of porosity models: (1) a compilation of approximately coincident magnetotelluric electrical resistivity and refraction seismic velocity data; (2) a compilation of lower crustal Poisson's ratio data; and (3) the estimated temperatures at the top of deep crustal reflecting and conducting zones. We also present two mechanisms that may allow retention of porosity in the lower crust for geologically long times.
POROSITY MODELS
The effects of porosity on the elastic and electrical properties of rocks under lower crustal conditions have been discussed by many authors (see Hyndman & Shearer 1989; Warner 1990 , for reviews and references). The elastic behaviour of rocks is controlled mainly by the matrix composition, but it is also affected by the amount of fluid present, the magnitude of the effect depending on the geometry of the pore spaces. Fig. 1 shows P-velocity versus porosity relations for a rock containing ellipsoidal pores of selected aspect ratios, using the formalism of Kuster & Toksoz (1974) . Other theoretical formulations have been developed, but at the porosities of interest here they all give Porosity (%) Figure 1 . Velocity-porosity relations for a mafic rock containing ellipsoidal pores of selected aspect ratios. Zero-porosity velocity is 7.2 km s-'. To the left, distribution of lower crustal velocity from the localities listed in Table 1 .
similar results (Shearer 1988) . The elastic effects of this form of pore geometry have been found to approximate the effects of real porosity, and it is readily treated mathematically. The most important property of these relations is that thinner pores have a much more pronounced effect on velocity than more equidimensional pores for the same porosity. We have chosen a zero-porosity velocity of 7.2 km s-', assuming a mafic composition for the lower crust, as suggested by the chemical compositions of most deep crustal xenoliths and exposed deep crustal sections, and the average composition of the rocks that make up new crustal additions (see Kay & Kay 1986; Furlong & Fountain 1986; Hyndman & Klemperer 1989) . Our conclusions are little changed if this average zero-porosity velocity is somewhat lower, e.g. 7.0 km s-'. Intermediate compositions generally have lower velocity, about 6.5-6.7kms-' (Christensen 1979) , so that most of our velocity inferences depend upon the lower crust being dominantly mafic in composition.
To the left in Fig. 1 is a histogram of velocity estimates for the lower crustal layers compiled in Table 1 . The right part of Fig. 1 illustrates the inferred porosity for a range of pore aspect ratios. The number of sites in this compilation is limited by the requirement of nearly coincident magnetotelluric measurements.
Although other conduction mechanisms such as graphite cannot be excluded (Frost et 01. 1989), we have assumed for this analysis that the low resistivity of the deep crust is the result of saline fluid porosity. The graphite model does not produce a satisfactory velocity-resistivity correlation. An unreasonably large quantity of graphite is required to reduce the seismic velocity by the amounts estimated (Fig.  2) , and the resulting electrical resistivity is extremely low (<<1 ohm m), much lower than observed in electromagnetic surveys (10-100ohmm). In the fluid porosity model, the electrical resistivity of a rock is primarily controlled by the fluid porosity, the resistivity of the pore fluid, and the pore geometry. The resistivity of the matrix (104-105 ohm m) bears an insignificant influence. Fig. 3 shows the influence of porosity on electrical resistivity for various geometries Imesetd. (1983 ), HiRchleberetd. (1975 ),h~kkHurtig(1979 &memy et d. (1981) . W g e r t et d. (1987 Archie's Law with pore tortuosity exponents between 1.5 and 2.5 fit many laboratory measurements on crystalline rocks (e.g. Brace, Orange & Madden 1965) , while an exponent of 1.2 approximates closely the theoretical behaviour of very well interconnected, tubular porosity. Unlike the elastic case, ellipsoidal pores are a poor representation for the effect of porosity on resistivity in the lower crust, since the critical factor is the degree of pore interconnection. Equilibrium pore geometries (von Bargen & Waff 1986) may be a more appropriate approximation at temperatures above about 400 "C, but the electrical Resistivity-Porosity Relations Resistivity-porosity relations for a porous mafic rock with isolated ellipsoids, Archie's Law exponents, the lower HashinShtrikman bound and 60" dihedral angle equilibrium pores. Pore fluid is water of seawater salinity (3 per cent wt.). To the left, a histogram distribution of lower crustal resistivity for the localities in Table 1 . gave similar results for the lower crust. In cases where the results greatly differed, the B-polarization has usually been inverted, because the investigators judged that it provided the best resistivity average. The polarization used is indicated in Table 1. For seismic refraction velocities, the most serious problem is that low-velocity layers in the deep crust have undoubtedly been missed in older interpretations that were based only on first-arrivals, since such layers might not generate first-arrivals. Thus, only velocity data that have been obtained through amplitude synthetic modelling have been used in the compilation. This minimizes the possibility that lower crustal layers which do not produce first-arrivals are missed in the interpretation (see Hyndman & Klemperer 1989) . Refraction velocities refer primarily to horizontal propagation, and anisotropy might be important, as with magnetotelluric surveys, although probably to a lesser degree. In most of the surveys presented here, only one direction of propagation is available.
Lower crustal seismic reflectivity has not been correlated with velocity and resistivity in detail in this study. In some areas, there may be a depth correlation between high reflectivity and low resistivity; examples of coincidence in which the depth of the conductive layers are defined by controlled source electromagnetic surveys are given in Connerey, Nekut & Kuckes (1980) and Haak & Hutton (1986) . Where seismic reflection surveys have defined bands of lower crustal reflectors in the areas of the velocityresistivity data, the depth range of the bands has been given for comparison with the resistivity and velocity data depths (Table 1) . For the reflector band depths and thicknesses given only in reflection time, we have converted them to depth using the seismic refraction velocities. We have also examined the correlation between the tops of conductive layers and of reflective bands with temperature. The depths to the top of velocity layers cannot be readily tested against the other parameters, because the effect of porosity on velocity is superimposed on a progression with depth to more high velocity mafic rocks.
The temperature ranges given in the compilation are from published heat flow results in the regions of the sites that have been converted into temperatures at depth using the generalized continental geotherms of Chapman (1986) . Table 1) . Although the data cover a wide range, there is a systematic trend of decreasing resistivity with decreasing velocity, and most data fit between the two reasonable bounds of aspect ratio and Archie's law exponent, 0.03:2.0 and 0.1 : 1.5 respectively. It is remarkable, considering the limitations of the geophysical techniques and the assumptions made, that the results are not more scattered. The younger Phanerozoic areas again in general have lower resistivities and velocities (see also the histograms of Figs 1 and 2), indicating that if porosity is indeed the main factor controlling these physical properties, the deep crusts of Phanerozoic areas have higher average deep crustal porosity than shields. This is to be expected if the deep crust loses free water with time such as through recurring metamorphic events.
behaviour of such geometries is computationally difficult. Approximate calculations suggest an abrupt resistivity transition arising from pinch-off of pore interconnection below about 1 per cent porosity (Cheadle 1989; Hyndman & Shearer 1989 ). The actual pinch-off porosity depends on the dihedral or fluid-grain wetting angle. A histogram of electrical resistivities from the compilation of lower crustal layers is shown to the left in Fig. 3 .
COMPILATION OF G E O P H Y S I C A L RESULTS
We present here a compilation of approximately coincident seismic refraction velocities and magnetotelluric resistivities, as well as some associated data on seismic reflection and heat flow ( Table 1 ). The refraction and magnetotelluric survey pairs were required to be in the same tectonic unit, usually within horizontal distances of several tens of kilometres, and the layers were required to be in the lower half of the crust, to justify the assumption of a predominantly mafic composition.
We have included results from a wide range of tectonic environments. The recent tectonic regimes have been indicated in Table 1 as being stable, compressional or extensional. However, it is sometimes difficult to determine what recent event was the most influential in determining the structure of the present crust. For example, the Pacific coast of western Canada-northwest United States has undergone extension in the Eocene, followed by compression still active today. Units of different ages have been considered to establish if there is any difference in inferred porosity with age.
The electrical resistivities come mainly from broad frequency band magnetotelluric soundings with reasonably careful data inversion or modelling. A few controlled source surveys have also been included. Data from geomagnetic depth sounding and from narrow-band magnetotelluric surveys have been excluded. There are two serious difficulties in obtaining resistivities that correspond to velocity layers. The first is that magnetotelluric surveys only effectively resolve layer conductance or thickness/resistivity , rather than resistivity (e.g. Edwards, Bailey & Garland 1981) . Thus, the resistivity required if the lower crustal layer were 10 km thick (approximately the data average) is also given. This normalization is found to give somewhat less scatter in the velocity-resistivity plot. The second important problem is 'static shift' (e.g. Jiracek 1990), caused by local near-surface galvanic effects, resulting in a shift of the whole resistivity-depth profile. Most of the data analyses have included use of phase data which reduces this problem, but some of them involve inversion of apparent resistivity only. At only a few localities have detailed corrections been made. Resistivity anisotropy is also an important problem. The current flow and thus the resistivity sensed in magnetotelluric surveys is approximately horizontal, but in some of the surveys in the compilation, the apparent resistivity curves for the E-and B-polarizations are quite different, especially at longer periods. These differences might be caused by the larger-scale geological structure or by small-scale anisotropy in the pore geometries themselves.
In many cases, inversion of both E-and B-polarizations 
S H E A R WAVE CONSTRAINTS
The correlations presented in Fig. 4 support the presence of fluids in the deep crust, but they also show that many pore geometries (i.e. aspect ratio/Archie exponent combinations) can satisfy the experimental results. When shear-wave data are available, Poisson's ratio can provide an additional constraint on the pore geometry. Fig. 5 shows the variation in Poisson's ratio against porosity for selected pore aspect ratios, using the formalism of Kuster & Toksoz (1974) . The figure illustrates that for pores of small aspect ratios, Poisson's ratio increases rapidly with increasing porosity, while for pores of larger more equidimensional aspect ratio it tends to decrease with increasing porosity (see also Shearer 1988) . It is important to note that quite thin pores or cracks are required for Poisson's ratio to increase strongly at the porosities of interest in the lower crust (i.e. aspect ratios <0.01). Thus the absence of high Poisson's ratio cannot be taken as evidence against porosity in the lower crust (Hyndman, Lewis & Marquis 1991) .
Because there is undoubtedly a distribution of pore geometries present, we have also calculated Poisson's ratio for various distributions of pore aspect ratio (Fig. 6) . Log normal distributions with standard deviation of up to 0.5 are realistic, since it is unlikely that more than two orders of magnitude of pore aspect ratio are present in significant amounts in the lower crust, because the expected tendency towards equilibrium pore geometries will limit the range of effective aspect ratios. Fig. 7 shows how Poisson's ratio is influenced by various distributions centred on selected values of mean pore aspect ratio. It is seen that for thin pores (mean aspect ratio 0.01) a substantial spread in pore geometries results in a more rapid increase in Poisson's ratio with increasing porosity (top of Fig. 7) . For a more equidimensional mean pore aspect ratio (e.g. 0.1) there is a smaller effect on Poisson's ratio; the change with increasing porosity remains negative except for quite wide distributions. For the P-velocity, the effects of a distribution of pore aspect ratio are opposite to those for Poisson's ratio: thicker mean pores are more affected than thinner ones (Fig. 8 ).
An important factor in the interpretation of deep crustal Poisson's ratio from seismic data is its zero-porosity value. This value depends on the assumed composition and on the extrapolation of the laboratory data to zero porosity. Most laboratory measurements on rocks that are likely candidates for the lower crust, at high confining pressure and low temperature, give Poisson's ratios ranging from 0.27 to 0.32. Low to medium grade mafic rocks (e.g. gabbro, metagabbro) have Poisson's ratios generally in the higher part of the range, 0.29 to 0.32, while the values of mafic granulites are in the lower part of the range from 0.27 to 0.29 (see summary in Goodwin & McCarthy 1990) . These Poisson's ratio values must be corrected to zero porosity. We are not aware of any laboratory study of the effects of porosity on Poisson's ratio for gabbros, metagabbros or mafic granulites that allow us to extrapolate with confidence to zero porosity. The porosity of the samples is usually not given, but the few reported range from 0.2 to 1 per cent. & Shearer (1989) . The relatively small range in Poisson's ratios for a probable factor of 5 in porosity suggests that under low temperature and the high confining pressure laboratory conditions that close the thinner cracks (above 0.5 kbars or 50 MPa), the effects of porosity are small, i.e. The effect of temperature on Poisson's ratio is negligible for the lithologies of interest (variation of less than 1 per cent for temperature increase of 500°C using data from Christensen 1979) . A zero-porosity Poisson's ratio of 0.29 is thus a reasonable average value for lower crustal conditions. Note that at lower crustal temperatures, the rock matrix has little strength and hence the pore pressure must be close to lithostatic, the confining pressure approaching zero. Thus one must be careful when applying high confining pressure laboratory results to interpret lower crustal situations. Three techniques have been used to obtain Poisson's ratio in the lower crust: seismic refraction, seismic reflection and earthquake studies (Table 2 ; Fig. 9 ). The measurement uncertainty is at least f0.02 and the values of observed Poisson's ratio vary substantially. There are a few at -0.32, but the largest number are in the range 0.25-0.28. The latter values can be explained by: (1) rocks with a zero-porosity Poisson's ratio near our preferred value at 0.29, having a few per cent porosity with pores of aspect ratio 0.03 to 0.1 that slightly reduces Poisson's ratio, or (2) rocks with a lower zero-porosity Poisson's ratio (0.26-0.28) and thick pores (aspect ratio >0.1) that have little effect on Poisson's ratio. There is clearly a need for more coincident P-and S-wave v6locity structure profiles to resolve this uncertainty. Poisson's Ratio Figure 6 . Histogram of the distribution of Poisson's ratio values from Table 2 .
Laboratory measurements for basalts are given in Hyndman

TEMPERATURES OF CONDUCTIVE A N D REFLECTIVE L A Y E R S
The question of how substantial amounts of fluids can be trapped at depth for geologically significant periods of time is currently the subject of debate. One constraint on the mechanism may be provided by the thermal conditions at which the interconnected porosity is inferred to be present (e.g. Hyndman & Shearer 1989 Adam (1987) . Thus, the low-resistivity (i.e. high inferred porosity) layers are generally located just below the brittle-ductile transition, which occurs at about 400-450°C for mafic rocks, depending on the strain rate (e.g. Kusznir & Park 1986; Fig. 11 ). This change in the rheological regime of the crust can help in producing impermeable layers, as already noted by Jones (1987) and Bailey (1990) , and as we will discuss below.
For comparison with the resistivity data, we have also estimated the temperature range of the reflecting bands at the sites of our compilation (Fig. 8) . The average temperature to the top is about 400 "C, similar to that found by Klemperer (1987) . This temperature limit correspondence provides support for the hypothesis that the reflectivity and low resistivity have a common origin, perhaps associated with crustal rheology.
DISCUSSION
Thermal control of porosity at depth
The retention of pore fluid in the lower crust for geologically long periods of time while maintaining sufficient pore interconnection for low electrical resistivity is an important difficulty to be resolved in the model (see Hyndman & Shearer 1989; Warner 1990 for discussion). Two important Porosity (%) Figure 9 . Influence of the pore aspect ratio distribution on P-velocity for different mean aspect ratios. Labels as in Fig. 8 .
associations with temperature are metamorphic processes and the rheology of the rocks at depth. An important result discussed earlier is the large number of lower crustal low-resistivity and reflective layers that have their top near the 400°C isotherm. There are also low-resistivity layers at lower estimated temperatures; these might be caused by a solid conduction mechanism, such as interconnected graphite. It is noted that these colder low-resistivity layers do not generally coincide with low velocities or with strong reflecting bands; many have velocities of 7.0kms-' or higher, hence have little or no inferred porosity.
Temperature can also limit the thickness of the conducting (i.e. porous) layers. Since at temperatures above about Temperature (deg C) Figure 10 . Histograms of the temperature at the top of the low resistivity and the reflective layers as listed in Table 1 . Temperature (C) Figure 11 . Temperature of the brittle-ductile transition for selected rock types. Data from Kusznir & Park (1986) . The horizontal lines indicate realistic geological strain rates.
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above this depth. If this association is correct, the -700-750 "C isotherm can provide a constraint on the thickness of low-resistivity (i.e. porous) layers. An association with temperatures over about 400°C that may retain porosity is the transition from brittle to ducti\e deformation behaviour (300-500 "C for mafic rocks depending on the detailed composition and strain rate). In the upper (brittle) crust where the pores are interconnected to the surface, the increase in effective pressure with depth is approximately the difference between lithostatic (column of rock) and hydrostatic (column of water) pressure gradients. The porosity, particularly that in thinner cracks, is progressively closed by the increase in effective pressure with depth, and both velocity and electrical resistivity increase. A general velocity-effective pressure curve from laboratory data for a mafic rock in which the pore pressure is maintained at a low value is shown in Fig. 12(b) . The resistivity-effective pressure relation is qualitatively similar.
Deeper than the brittle-ductile transition at approximately 400-450"C, the matrix grains can no longer support a differential pressure for geologically long times and hence the pore pressure must approach lithostatic. The effective pressure then decreases to near zero (see Fig. 12a ). The grain boundary configuration should then relax and particularly the thinner pores may remain open resulting in a lower velocity and low resistivity. The actual pore configuration may then be controlled by the equilibrium minimum energy configuration. We recognize that in laboratory samples, some of the thin cracks that are closed with increasing effective pressure were generated when the rocks were exhumed at the surface or by the sample collection process. However, we suggest that much of the porosity is original such that low effective pressure laboratory velocities (corrected to in situ temperatures) may best correspond to those in the lower crust.
As we stated above, at high temperatures, a porous system will tend to textural equilibrium pore geometries (von Bargen & Waff 1986) . As an example, for porosity of 1 per cent, a dihedral or wetting angle above 60" gives pores
Interconnected
Isolated Pockets that are just isolated or pinched off; they are interconnected if this angle is smaller or if the porosity greater (Fig. 13) . Watson & Brennan (1987) have performed experiments to determine the dihedral angles of several water-CO, systems. They have found that the mean dihedral angle values for pure water and a variety of rock types are about W, and that this angle increases up to 90" with increasing CO, concentration for several rock types. They have also found that adding substantial solutes decreases the angle to 40" for quartz, but had no effect on olivine. These results imply: (a) Pure water may be partly isolated, partly interconnected (since some angles are larger than 60", others are smaller).
(b) High-CO, fluids probably form isolated pockets at grain comers, therefore any subsequent graphite produced by the reduction of CO, should also be isolated-since the diffusivity of graphite is extremely low (-lo-'' m2 s-'; Watson 1986), any graphite formed is unlikely to subsequently diffise to form an interconnected film that can reduce the electrical resistivity.
(c) Saline solutions are probably generally interconnected, even at very low concentrations, therefore reducing significantly the electrical resistivity. However, if the pores are isotropic, such pore interconnection should also result in high permeability, and the fluid should migrate upwards rapidly. Reconciliation of high horizontal pore interconnection required for the low resistivity and the low vertical interconnection required to keep the fluids in the lower crust is discussed in the next section.
Effect of stress on pore geometry
One model allowing both low vertical permeability and low horizontal resistivity is horizontal-vertical anisotropy arising Fig. 13 ). Fig. 14 shows the result of an initial analysis of this mechanism for the influence of a deviatoric (non-hydrostatic) stress on the curvature of the interface. These curves have been obtained using the interface curvatures reported in von Bargen & Waff (1986) , and a surface tension value of 0.04Pam (Fowkes 1965) . It is found that for otherwise interconnected pores, very small horizontal compressive stresses (200 Pa) can pinch off vertical pores that would otherwise be interconnected, while retaining horizontal pore interconnection.
Are such stresses present in the lower crust? Fig. 15 shows a crustal stress distribution profile 1 Ma after a horizontal compressional force is applied (see Kusznir & Park 1986) . Note the logarithmic scale on the stress axis. As time progresses, lower crustal stress is dissipated and transferred to the upper crust (stress amplification), but in areas where forces are continuously acting (subduction zones, uplifted areas, etc.) or in areas where the lower crust is rich in strong plagioclase, such stresses may be maintained for substantial times.
Equilibrium pores are expected to be present below the brittle-ductile transition. The zone in which stresses larger than the critical value required to pinch off the vertical pore interconnection acts as an impermeable barrier beneath which interconnected porosity is present. This pore interconnected layer may extend to approximately the 730 "C isotherm, below which the rocks may be dehydrated. While the quantitative aspects of this model need to be Figure 15 . Distribution of stress with depth 1 Ma after a compressive event. Equilibrium pores are present below the brittle-ductile transition temperature (Td, top dashed line). The first layer is under compressive horizontal tectonic stress larger than Sp, the stress required to pinch off the pores horizontally, the second layer contains interconnected porosity, and the lowest layer is at temperatures above 730 "C, in present granulite facies conditions, where no free water is expected. refined for various crustal stress and thermal regimes, Fig.  15 illustrates the plausibility of a stress induced mid-to lower crustal vertical permeability cap, and deep crustal horizontal pore interconnection.
Lower crustal shear zones
The association of the tops of the conductive and reflective layers with the temperature of the brittle-ductile transition also leads to the possibility of the alignment of originally isolated pockets of fluid by lower crustal shear. The lower crust (below the brittle-ductile transition in many areas) is generally the weakest part of the continental lithosphere through which stresses have to be transmitted (e.g. Kusznir & Park 1986), and hence, under certain conditions, it can uncouple the upper crust from the mantle. As horizontal motion occurs (e.g. in extensional areas, see Reston 1990) , the lower crust is deformed progressively in layers as the temperature of the brittle-ductile transition progresses downwards. This process is illustrated in Fig. 16 . The differential slip between the layers produces deep crustal shear zones and if high-pressure fluids are present, they may get trapped in these zones. This results in a series of interbedded horizontal layers of fluid with good horizontal interconnection, but with vertical migration greatly restrained. Fluids in such a configuration can explain both the deep crustal low-resistivity and the observed layered reflectivity.
Origin of lower crustal fluids
Lower crustal layers with inferred porosity are present in all sorts of geologic environments (see Table l . ------ rising from the mantle. We will discuss each of these briefly.
Most of the continental masses grew by accretion of material separated from the mantle during subductionrelated magmatism (Taylor & McLennan 1985) or by accretion of unmetamorphosed or low grade rocks of oceanic origin. In either case, the primitive continental crust should contain fluid, some of which is unbound. Prograde metamorphic reactions are accompanied by the release of water and carbon dioxide. With heating the -200km fore-arc areas of former subduction zones, prograde metamorphism may currently be producing free water. The presence of free water is somewhat more problematic in a cooling crust: it should be expelled or re-absorbed into hydrous silicates (e.g. Yardley 1981) . However, if the fluid phase is not pure water, but of high salinity, the reduced activity for water may stabilize this phase so the reabsorption through formation of hydrous minerals does not occur. If this is not the case, then the presence of free water requires the addition of water in amounts sufficient to increase the total water content above the bound water required by the stable mineralogy at the local pressuretemperature conditions. For example, pure amphibole contains about 2 wt per cent water; a lower crust containing other minerals should have an even lower content of bound water (see also Fig. 17) .
The retrograde cooling process mentioned above may explain the inferred reduction in free water for Precambrian Metamorphic grade orogenic belts compared to Phanerozoic. However, many areas have conductive and reflective lower crusts which have cooled since their last orogenic events. Fluids there must also have been added subsequently. Extra water can be brought into the crust by subduction of wet oceanic crust and oceanic sediments, which progressive dehydration can bring fluids into the continental crust. The geophysical evidence for fluid input in a subduction zone, under Yancouver Island, has been discussed by Hyndman (1988) . The landward limit of this fluid source has not yet been established.
Another source of deep crustal fluids is the mantle (Kay & Kay 1986 ). Seismic evidence shows that the low-velocity zone of the upper mantle contains up to 5 per cent basic melt, which contains itself up to 2.5 per cent free water (Yoder 1976) . This constitutes a substantial water reservoir, which can migrate into the lower crust as the melt cools, and then remain trapped by one of the mechanisms described above. Here again, we wish to emphasize that this is only possible at continental margins or in orogenic belts with Phanerozoic tectonic activity, where the shallow mantle is still hot enough to allow partial melting.
CONCLUSIONS
The comparison of coincident deep crustal resistivity and velocity data with porosity models shows that the two parameters are related as expected if they are both influenced by porosity. Analysis of seismic velocity, Poisson's ratio and resistivity in Phanerozoic areas yields porosity estimates in the range 0.5-2 per cent in pores of effective aspect ratio 0.03 to 0.1, as expected for minimum energy pore geometries.
The inferred porous layers are usually located below the brittle-ductile transition at 400-450 "C in the mid-to lower crust. This suggests a thermal control of porosity, restricted to the low-effective pressure regimes in the deep ductile crust. Fluids can be capped at some depth by stresses that deform the textural equilibrium pores, or by ductile shear processes. While the geophysical data generally support the concept of free fluids in the lower crust, there remains a difficulty in reconciling free aqueous fluids in the lower crust with the expected retrograde metamorphism that should take u p water into hydrated mineral assemblages.
